C
ollagen is a structural protein found in the extracellular matrix of most tissues and organs. 12 While collagen has been extensively studied in tissues such as skin, 3 -5 placenta, 6 -8 bone, 9 and cartilage, 10 it has only recently been characterized in the heart. This is probably because cardiac collagen is highly insoluble, is difficult to extract, and is present in very small amounts. 11 At the present time, five types of collagen have been identified in heart tissue. Types I and HI were isolated and characterized in bovine hearts. 12 Using immunohistochemical techniques, Borg et al 13 detected, but did not isolate, type IV and type V in neonatal rat hearts. Adomian 14 observed type VI in human heart tissue through the use of monoclonal antibodies. There are differences between cardiac collagen and collagens from other tissues. Cardiac « collagen is more insoluble. While 10% of the collagen is extracted from bovine 15 and porcine 16 skeletal muscle, only 0.5% can be obtained from rat hearts. " Medugorac 11 suggests that the intramolecular and intermolecular cross-linking may be more extensive in cardiac collagen than that from other sources. Type I and type III collagens cannot be separated by sodium chloride precipitation in neutral solution. 17 This indicates that the properties of either type I or type III collagens, or of both, are different in the heart than types I and III in other tissues.
In experimental volume-overload hypertrophy caused by arteriovenous shunt, there is an increase in diastolic stiffness of the left ventricle. 18 In other models of volume-overload hypertrophy, such as exercise 19 or atrial septal defect, 20 there is no change in flexibility. It has been proposed that the decrease in passive compliance in hypertrophied myocardium is associated with either a quantitative 21 or qualitative 22 (structural) change in the collagen content. While most studies have correlated a higher 4-hydroxyproline content to an elevation of resting tension in pressure-overload hypertrophy, 2123 -24 other reports have indicated that there is no direct correlation. 22 - 25 Recent investigations have indicated that in volume-overload hypertrophy, the collagen concentration does not increase, 26 and in one model of volume-overload hypertrophy, the ratio of type I to type III extracted does not differ. 19 Furthermore, the structural aspects of collagen, such as changes in the cross-linking or the weave of the matrix, have not been examined. Since cross-linking is associated with the stability of collagen and with mechanical stiffness in whole tissues, 2728 it is likely that there is a greater degree of cross-linking associated with volume-overload hypertrophy.
The present study focused on isolating and characterizing types I, III, IV, and V collagen from the left ventricle of control dog hearts and those subjected to volume-overload hypertrophy. The relative and absolute amounts of each type of collagen extracted were assessed, and the relative amount of cross-linking in the normal and hypertrophied hearts were determined from cyanogen bromide (CNBr) peptide maps. (The relative amount of collagen refers to the ratio of types I, III, IV, and V collagen in the extracted material. The absolute amount of collagen refers to the milligram quantity of each type of collagen extracted per gram quantity of collagen in the tissue.) Our hypothesis is that there is an increase in cross-linking of types I and III collagen correlated with an elevation in resting tension in volume-overload hypertrophy.
Materials and Methods

Materials
Pepsin was obtained from Boehringer Mannheim Biochemicals, Mannheim, FRG. Human placental type IV collagen was kindly given to us by Dr. Joseph Madri from the Department of Pathology at Yale University School of Medicine, New Haven, Connecticut. Type IV collagen anti-mouse antibody was graciously provided by Dr. Eva Engvall at the La Jolla Cancer Research Foundation, La Jolla, California.
Hypertrophy of Dog Hearts
Two groups of mongrel dogs weighing 21.2-25 kg were used in the present study. The dogs were from a random sample of animals and were presumably of random age. Eight control animals were anesthetized with sodium pentobarbital (30 mg/kg), the chest was rapidly opened, and the heart was removed for analysis of structural proteins as described below. Five animals underwent sterile thoracotomy for implantation of instrumentation and were studied to determine ventricular compliance prior to a second surgical procedure to construct an aortocaval fistula. At the first operation, the dogs were anesthetized with sodium hexobarbital and maintained on halothane anesthesia. The heart was exposed through a left thoracotomy at the fifth intercostal space. One pair of ultrasonic crystals was implanted in the circumferential axis of the anterior free wall of the left ventricle, and a second pair of gauges were implanted for the measurement of an anteriorposterior left ventricular diameter. The segment crystals were inserted approximately 5 mm from the epicardial surface, and the crystal location was confirmed after the animals were killed. Two polyethylene catheters for measurement of left ventricular pressure were inserted in the tip of the left anterior apex through small stab wounds. The chest was closed, the wires and tubes were tunneled subcutaneously in the back of the neck, and the dog was allowed to recover. At a second procedure, an aortocaval fistula was constructed in these five dogs and two others, and they were anesthetized with sodium hexobarbital and maintained on halothane anesthesia. The procedure to produce the aortocaval fistula has been described previously. 29 In brief, under sterile conditions and through a midline abdominal incision, the aorta and inferior vena cava were exposed below the level of the renal arteries and above the aortic bifurcation. A 1-cm, side-toside anastomosis was then performed, the abdomen was closed in layers, and the animal was allowed to recover. In animals with thoracotomy to implant dimension gauges, a series of weekly follow-up studies were then performed before the laparotomy (1 to 3 weeks) and from 14 to 40 days after construction of the aortic cable shunt.
Studies were carried out in the conscious, unsedated state with the dogs trained to lie quietly on a pad. The polyethylene tube was connected to a Statham P23 dB transducer (Hato Rey, Puerto Rico) for the measurement of left ventricular pressure. Pressures, dimension signals, and a suitable electrocardiographic lead were recorded on a Brush Clevite Model 2000 polygraph (Gould, Cleveland, Ohio) at a paper speed of 100 mm/sec. All measurements were taken from the contraction with the lowest end-diastolic pressure in a given respiratory cycle. Following measurements of the resting state, end-diastolic pressure was varied between 5 and 25 mm Hg by bleeding, transfusion, and volume expansion with dextran, and the corresponding changes in heart rate, left ventricular pressure, and dimensions were recorded. In each animal, an effort was made to obtain at least three left ventricular end-diastolic pressures over a range of 15 mm Hg at each study. Recorded data were digitized at 5-msec intervals over 20-40 contractions at each end-diastolic pressure, and stiffness was calculated by taking the average linear slope to the relation between pressure and either segment length or diameter during diastasis. Data is presented on average stiffness in four of the five animals. At 6 weeks it was not possible to obtain dimension signals in one animal. In each of the other four animals, only a segment (three animals) or diameter (one animal) was available for use at the time of killing at 6 weeks.
Preparation of Collagen
Each animal was killed using sodium pentobarbital. The heart was carefully removed from the chest cavity. The pleural sac surrounding the heart was cut away, and the heart was weighed. The atrium and right ventricle were dissected away from the left ventricle and the epicardium, and any scar tissue from implantation of tubes or piezoelectric crystals was widely excised. The left ventricle, atrium, and right ventricle were weighed. Collagen was isolated from the left ventricle of canine hearts according to the method of McLain. 12 Briefly, the left ventricle was frozen and sliced into 0.5-cm 3 pieces. The tissue was lyophilized to a constant weight, ground in a Waring blender in the presence of dry ice, and relyophilized. Total collagen concentration was determined by analyzing three 10-mg samples of dry ground tissue for 4-hydroxyproline content. The tissue was digested in 2.0 ml of 6.0 M HC1 for 3 hours at 138° C. The solution was decolorized with charcoal and then gravity-filtered through Whatman 1 filter paper (Clifton, New Jersey). The filter paper was rinsed with distilled water several times, and the filtrate was analyzed for 4-hydroxyproline by the method of Bergman and Loxley. 30 A conversion factor of 7.14 was used to convert 4-hydroxyproline to collagen content assuming 14% 4-hydroxyproline in collagen.
Collagen was extracted from the tissue with 100 mg of pepsin in 50 ml of 0.5 M acetic acid/1 g dry tissue for 2 days at 4° C with stirring. The solution was centrifuged at 27,000g for 30 minutes at 4° C. Solid sodium chloride was added to the supernatant, with stirring, to a concentration of 2.0 M NaCl, and the solution was stirred for 24 hours at 4° C. The solution was centrifuged at 27,000# for 30 minutes at 4° C. The pellet was dissolved in 0.5 M acetic acid. The collagen concentration was determined by 4-hyroxyproline analysis according to the method of Bergman and Loxley. 30 The percent of 4-hydroxyproline extracted was determined by dividing the amount of 4-hydroxyproline recovered after sodium chloride precipitation by the total 4-hydroxyproline concentration in the dry tissue. The solution was dialyzed versus 200 mM NaCl, 50 mM Tris at pH 7.4, centrifuged at 27,OOOg for 30 minutes at 4° C, and then dialyzed versus 0.5 M acetic acid before further analysis.
Collagen was analyzed on a 5.8% sodium dodecyl sulfate-polyacrylamide urea gel electrophoresis (SDS-PAGE) as described by Laemmli 31 and as modified by Hayashi and Nagai. 32 Samples were run with and without /3-mercaptoethanol. Gels were stained with 0.05% Coomassie Blue R-250 by the Fairbanks method 33 and scanned at 520 nm on a Gilford 240 spectrophotometer with a densitometer. The curves were integrated by Simpson's Rule. 34 The ratios of the collagen types were determined by comparing the areas of the a-and ^-chains of types I and III and the a-chains of types IV and V. The amount of each type of collagen extracted was calculated by multiplying the ratio of the type by the amount of total collagen isolated and was expressed per gram of collagen in the original tissue. This normalizes the amount of collagen obtained to the amount of total collagen present.
The collagen types were separated by solubility properties according to the salt precipitation scheme of Miller and Rhodes. 35 Type I and type III were precipitated by 0.7 M NaCl in 0.5 M acetic acid. The solution was centrifuged at 27,000g for 30 minutes at 4° C. The supernatant containing type IV and type V was dialyzed versus 200 mM NaCl and 50 mM Tris (pH 7.4). Solid sodium chloride was added to the retentate to a final concentration of 1.8 M NaCl. The precipitate containing type IV was isolated by centrifugation at 27,OOOg for 30 minutes. The precipitation step on the retentate was repeated. The supernatant contained type V.
The relative amount of cross-linking in types I and III was analyzed by CNBr digestion. The methionine residues were first reduced according to the method of Adelstein and Kuel. 36 Briefly, collagen was incubated in 0.2 M Nr^HCO a (pH 7.0) and 25% /3-mercaptoethanol overnight at 40° C. The solution was dialyzed into 1% acetic acid, lyophilized, and digested with CNBr according to the method of Scott and Veis. 37 Collagen was dissolved in 88% formic acid at a concentration of 2 mg/ml with a threefold to fourfold excess by weight of CNBr. The digestion was performed at 30° C for 4 hours. The CNBr peptides were dialyzed into 1% acetic acid using Spectrapor dialysis tubing (MW cutoff, 3,500 Da). The CNBr peptides were separated on an 8-20% concave gradient SDS-PAGE and stained with 0.05% Coomassie Blue R-250 by the Fairbanks method. 33 The gels were scanned at 520 nm on a Gilford 240 spectrophotometer with a densitometer. The peaks corresponding to the peptides were integrated by Simpson's Rule. 34 Type IV collagen was characterized by its immunochemical properties. The enzyme-linked immunosorbent assay (ELISA) was carried out on type IV according to the procedure of Engvall and Perlmann. 38 Briefly, 1 fig of canine heart type IV and the control human placenta type IV (10 /Ag/ml) in 0.1 M carbonate buffer pH 9.5 was incubated in a microtiter plate for 3 hours at 37° C. Rabbit anti-mouse type IV serum was added to the bound type IV collagen for 3 hours at 37° C. Goat anti-rabbit immunoglobulin G conjugate linked to alkaline phosphatase was incubated with the bound type IV antigen-antibody complex overnight at room temperature. p-Nitrophenyl phosphate, the substrate in the assay, was added for 40 minutes, and the absorbance was read at 405 nm.
Results
Hypertrophy of Dog Hearts
The left ventricular wt/body wt ratio in the hypertrophied animals was 5.18±0.41 g left ventricle/kg body wt. The heart wt/body wt ratios in the two animals killed without previous thoracotomy and thus without data on stiffness were 5.39 and 5.06. Figure 1 shows pressure segment length relations during diastole in single cardiac contractions for one animal determined before creation of the aortocaval fistula and 6 weeks after the operation. As shown previously, 18 there is a shift to the right of the pressure dimension relation as well as an increase in the slope at 6 weeks. In all dogs, the average diastolic slope (stiffness) was increased at 6 weeks. Thus, control stiffness ranged from 41% to 88% stiffness at 6 weeks (average 59%) in the four animals in which pressure length data was available.
Identification of Types I, III, IV, and V Collagen
Types I, III, IV, and V collagen were characterized in the left ventricle of dog heart tissue by their extractability in 0.5 M acetic acid with pepsin, their migration rates on 5.8% SDS-PAGE in the presence and absence of/3-mercaptoethanol, solubility properties, their susceptibility to the bacterial and vertebrate collagenase, and by the ELISA (type IV collagen).
Dog heart types I and III collagen ( Figure 2 , lane 2) were identified by their mobility on a 5.8% SDS-PAGE relative to human placental types I and III collagen (Figure 2, lane 1) . Figure 2 is does not contain disulfide bonds. This is indicated by its unchanged position on the gel in the presence or absence of 0-mercaptoethanol (Figure 2,  lanes 2 and 4) . As demonstrated by Medugorac, 17 the canine al(III) chain moves slightly slower than the a 1(1) chain (Figure 2, lane 2) and is disulfide bonded due to its absence without the addition of /3-mercaptoethanol (Figure 2, lane 4) . In our experiments, we also noted ( Figure 2, lane 2) that the al(III) and the type III /3 chains migrate slightly slower than the human placental type III collagen chains (Figure 2, lane 1) , which indicates a difference in some of its physical properties. Types IV and V collagen were identified by their relative mobility to dog heart types I and III ( Figure 3 , lanes 1 and 2). Other investigators 39 have observed that type IV from most tissue sources is a disulfidebonded heteropolymer composed of al(IV) and a2(IV) chains. Type IV from dog heart is also a heteropolymer ( Figure 3, lanes 1 and 4) . The al(IV) chain appears just beneath the /3-chains of type I and III collagen. The a2(IV) chain, however, does not migrate beneath the al(IV) chain as one would predict. Instead, the a2(IV) band has been pepsin degraded and is visible below the a2(I) chain. Trueb et al 39 identified this band as the D-80 fragment of type IV collagen. Under nonreducing conditions, the al(IV) chain is linked through disulfide bonds to form y chains. The evidence for this is seen in Figure 3 lane 2, where the al(IV) band is absent and is present in the form of -y-chains as seen by the increased intensity of the bands near the top of the gel. The D-80 band also migrates at a higher position and appears slightly above the a2(I) chain. Type V collagen is also visible as a heteropolymer with the al(V) and a2(V) chains. 7 As predicted from other type V collagens, the dog heart type V is a heteropolymer (Figure 3, lanes 1 and 5) . The al(V) chain appears above the al(III) chain but below the al(IV) band while the a2(V) molecule comigrates with the a 1(111) chain. Both bands move at the same rate with or without /3-mercaptoethanol indicating the lack of disulfide bonds characteristic of type V collagen ( Figure 3, lane 2) .
a2(i)
The four collagens from all samples were identified by their solubility properties as compared with Depiction of the percent of total collagen extracted, the amount of each type of collagen extracted from normal and hypertrophied hearts, and the relative ratios of the four extracted collagens. Column 1, percent of collagen extracted. Columns 2-5, amount of each type of collagen extracted. There is a significant decrease (p<0.05) in total collagen obtained and specifically in the amount of types I and III collagen isolated from the hypertrophied hearts. Amount of types IV and V collagen obtained, however, does not change between control and aortocaval shunt samples. Columns 6-10, the relative ratios of the four collagens isolated from the heart. There is a significant decrease in the relative ratio of types I and III collagen (p<0.05) and an increase in the ratio of types IV and V collagen (p<0.05) in the hypertrophied hearts.
.8% sodium dodecyl sulfate-potyacrylamide gel electrophoresis with 15 fj.g of collagen in each lane. Types I, III, IV and V collagen are in lanes 1 (+fi-mercaptoethanol +fi-Me) and 2 (-fi-Me). Lane 3, type I and III collagen (+B-Me); lane 4, type IV collagen (+fi-Me) and lane 5, type V collagen (+fi-Me). Note that the a chains of type IV collagen are disulfide bonded as evidenced by the change in migration of these bands in lane 2 which has no fi-mercaptoethanol. Type V collagen bands do not change their migration rates in the absence of fi-mercaptoethanol. In lane 2 the band corresponding to the al(III) chain and the a2(V) chain is less intense and this is due to the absence of the al(III) chain which migrates near the top of the gel without the presence of fi-mercaptoethanol. Lanes 3-5 illustrate that type IV and V collagens can be separated and purified from each other and from types I and III collagen using solubility properties.
the solubility of these collagens in other tissues. 33 Types I and III were precipitated at 1.3 M NaCl in 0.5 M acetic acid (Figure 3, lane 3) while types IV and V remained soluble. Type IV was separated from type V by precipitation in 1.8 M NaCl at pH 7.4 ( Figure 3, lanes 4 and 5) . Types I and III, however, could not be separated from each other in neutral solution confirming Medugorac's work."
Normal dog heart type IV was shown to have similar antigenic properties to human placenta] type IV as measured by the ELISA. At an antisera dilution of 1:10 4 to 1:10 2 , there was an increase in the amount of antibody bound to the dog heart type IV. This was measured by an increase in absorbance at 405 run from 0.00 to 0.95 in that same dilution range of the antisera in the assay.
The Relative and Absolute Amount of Extractable Collagen in Hypertrophied Dog Heart
To elucidate how volume-overload hypertrophy affected the collagen in the heart, the percent of collagen extracted, the ratio of the four collagens to each other, and the absolute amount of each type isolated were determined. Supporting other work, 26 the total collagen content of the eight normal hearts, 27.8 ±6.3 mg collagen/g dry tissue, did not significantly differ from that of the seven hypertrophied hearts, 32.9 ±9.1 mg collagen/g dry tissue. Yet, while 32.4% of the collagen was isolated from eight normal hearts, only 15.0% of the collagen was obtained from the six hypertrophied hearts ( Table  1 ). The 50% decrease in collagen from hypertrophied hearts gave indirect evidence that the collagen was more highly cross-linked. 40 Analysis of the collagen from eight normal and seven hypertrophied hearts indicated that the relative amount of types IV and V (as compared with types I and III) increased by 1.5-2.0-fold in hypertrophied hearts over normal hearts ( Table 1 ). The relative amounts of type I and type III decreased by 10-15%.
As illustrated in Figure 4 , the absolute amount of type I and type III extracted per gram of total collagen was reduced by about 60% in the six hypertrophied hearts examined while the amount of type IV and type V isolated was approximately the same in both normal and aortocaval fistula hearts (Table 1 ). This would indicate that the lower extractability of collagen in the aortocaval fistula hearts is due to types I and III only. Therefore, any increase in cross-linking is proba- bly localized on types I and III and does not involve types IV and V. 41 
A Comparison of CNBr Peptides of Type I and Type III Collagen in Hypertrophied and Normal Dog Hearts
The CNBr peptides from the six hypertrophied hearts had twice as much collagenous high molecular weight material on an 8-20% concave gradient gel as the CNBr peptides from the eight normal hearts as determined by densitometric analysis ( Figure 5 ). While 8.88% of CNBr peptides were cross-linked in the hypertrophied hearts, only 3.96% of the CNBr peptides were high molecular weight material in normal hearts ( Figure 6 ). Therefore, the extracted types I and III from hypertrophied hearts are more cross-linked than from normal hearts.
Discussion
In the present study, we have evidence that there is a greater degree of collagen cross-linking associated with a decrease in passive compliance in volume-overload hypertrophy. Previous studies have shown that increased passive stiffness is associated with the onset of cardiac hypertrophy in adult rats. 2123 It has been proposed that the elevation in resting tension is related to an abnormality in the collagen content or other connective tissue components in the heart. Various investigators have determined that in pressure overload hypertrophy, there is a higher 4-hydroxyproline content 19212326 and that this may contribute to the elevation of resting tension. 21 Yet, it is controversial whether or not there is a relation between 4-hydroxyproline content and stiffness. Thiedemann et al 22 showed that 4 weeks and 8 weeks after surgery in Goldblatt hypertensive rats there is only a small increase in 4-hydroxyproline concentration but a pronounced rise in the stress-strain relation of the left ventricle. Forty weeks after surgery in spontaneously hypertense rats, on the other hand, there was a 32% increase in 4-hydroxyproline concentration but a very small change in the stress-strain relation. These experiments counter the idea that a decline in compliance in hypertrophied myocardium is related to a higher collagen content. The change in flexibility of the left ventricle could also be related to the organization of newly synthesized collagen fibrils or to an alteration in its structure such as a greater degree of cross-linking. Harkness 42 observed that collagen fibrils arranged in a linear fashion as in tendons are less elastic than collagen arranged in a mesh work arrangement as in the heart. Yet, in scanning electron microscopy experiments conducted by Borg et al, 43 it was observed that the greater stiffness seen in rat hearts versus hamster hearts is due to an enlargement of the size of the collagen bundles and in a higher number of bundles rather than a difference in the weave of the collagen fibrils. Therefore, there is little evidence at this point to support the idea that the increased stiffness in heart muscle is related to an alteration in the collagen weave network. Bing et al 21 have shown that by administering /3-aminopropionitrile, an agent that inhibits collagen cross-linking, to rats that have hypertrophied myocardium, the collagen content is reduced and the elevation in resting tension associated with cardiac hypertrophy is prevented. This study indicates that cross-linking may be related to the change in diastolic stiffness of the left ventricle. Other investigators have observed a relation between decreased compliance in tissues such as the tendon to an increase in collagen cross-linking. 28 Therefore, there is precedence in relating the compliance of a tissue to cross-linking of collagen.
We have shown that 50% less 4-hydroxyproline is extracted from the hypertrophied hearts versus the control hearts. It has been reported that the extent of cross-linking in collagen is inversely related to its solubility. 40 The lower the amount of cross-linking, the greater the solubility of collagen. Therefore, the reduced extractability of 4-hydroxyproline from hypertrophied hearts indicates a decrease in collagen solubility and is an indirect index of an increase in collagen crosslinking in the aortocaval fistula hearts. While 4-hydroxyproline has always been used as a marker to quantitate collagen, the validity of this concept needs to be addressed. The 4-hydroxyproline content varies between different types of collagen. 1 This difference in 4-hydroxyproline content is not large enough to account for the 50% decrease in 4-hydroxyproline extracted from hyprtrophied hearts. If there was a large variation in 4-hydroxyproline content in types I and III from types IV and V, then a shift in the ratio of collagen types extracted, assuming total collagen isolated remains constant in the control and experimental samples, would lead to a change in the amount of 4-hydroxyproline obtained. In the hypertrophied hearts, there is a decrease in the ratio of types I and III isolated, while there is an increase in the ratio of types IV and V extracted. Therefore, if equal amounts of total collagen had been isolated in our experiments, the shift in the ratios of the collagen types would only cause about a 0.8% reduction in 4-hydroxyproline from hypertrophied hearts. Therefore, the shift in collagen types does not account for the lower amount of 4-hydroxyproline extracted. Also, if there were a change in the 4-hydroxyproline content within the same collagen types in normal and hypertrophied hearts, there would be a change in mobility of the collagen chains. 44 Since the migration of the collagen types in normal hearts on SDS-PAGE does not differ from that in hypertrophied hearts, there is probably not a major difference in 4-hydroxyproline content.
Further analysis showed that there was a relative increase in the amount of types IV and V extracted but a relative decrease in types I and III obtained. This indicated that the collagens from normal and hypertrophied hearts differed from each other. This result is explained by the observation that 60% less types I and III were extracted from hypertrophied hearts while the absolute amounts of types IV and V obtained remained constant in both control and aortocaval fistula hearts. Thus, the large decrease in the absolute amount of types I and III extracted caused the ratio of types I and III to decrease and the ratio of types IV and V to increase. These results illustrate that the ratio of collagens extracted do not necessarily represent the ratio of the collagens in the tissue and that it is not always correct to assume that a change in the ratios of collagen extracted represents a change in synthesis or deposition of a certain collagen type. More importantly, the decrease in extractability of types I and III indicated that the increase in collagen cross-linking probably occurs in these two collagen types and is not associated with types IV and V.
The CNBr peptide analysis substantiated this hypothesis. There was a twofold increase in the amount of high molecular weight types I and III CNBr peptides in the hypertrophied hearts versus the control hearts. Light and Bailey 41 have reported that the high molecular weight material from collagen in tendon is cross-linked, and they have identified the high molecular weight compound to be poly a 1(1) CB 6. They have not been able to identify the nature of these cross-links, which may differ from the ones found in heart. Our preliminary data (not shown) indicates that types I and III collagen from the left ventricle of dog hearts contains pyridinoline as determined by Dr. David Eyre's laboratory (Orthopaedic Department, The University of Washington School of Medicine, Seattle, Washington). Since there were more cross-linked peptides in the extracted collagen from hypertrophied hearts, it is likely that the collagen that was not extracted is even more highly cross-linked. Immunohistochemical staining of collagen fibrils surrounding the myocytes and connecting myocytes reveal type I and type III collagens. 13 Since types I and III are directly attached to the myocytes and since these two collagens are the most abundant in the heart, it would seem likely that a change in cross-linking of these collagens would most directly affect the passive compliance of the heart. We conclude that the increase in collagen cross-linking is correlated to a decrease in the amount of type I and III collagens extracted and more importantly to a decrease in the passive compliance of the left ventricle in volume overload hypertrophy.
In summary, types I, III, IV and V collagen were isolated and characterized from canine heart tissue. While types I and III have been previously isolated from cardiac tissue, types IV and V have only been identified by immunohistochemical analysis and have not been purified from the myocardium. These characterization studies have determined that types I, IV, and V in heart tissue are very similar to types I, IV, and V from other sources. These similarities include mobility on SDS-PAGE under reducing and nonreducing conditions and solubility properties. An ELISA confirmed that dog heart type IV is antigenically related to mouse type IV. While types I, IV, and V cardiac collagen bear many similarities to these types in other tissues, type III collagen in heart tissue differs from placental type III collagen. In cardiac tissue, type III cannot be separated from type I by neutral salt precipitation. Cardiac type III is less mobile on 5.8% SDS-PAGE than placental type III. Other studies have indicated that a decrease in mobility of collagen a-chains is related to an increase in hydroxylation of proline 44 and this may be the case in cardiac type III collagen.
The percentage of collagen extracted from hypertrophied hearts was reduced by 50% when compared with collagen from normal hearts. This is due to a lower extractability of types I and III, which is probably a reflection of an increase in cross-linking in these two collagen types. CNBr peptide analysis confirmed that there was a greater amount of high molecular weight peptides from hypertrophied hearts. We conclude that in volume-overload hypertrophy, the elevation in resting tension is associated with increased cross-linking of types I and III collagen. In many hypertrophied hearts, the rate of protein synthesis is higher. 45 While the concentration of collagen is not greater in volumeoverload hypertrophied hearts, 26 there may be a rise in the biosynthesis and/or specific activity of lysyl oxidase, which is the enzyme responsible for initiating the formation of cross-links in collagen. In other circulatory derangements such as hypertension, there is an increase in lysyl oxidase activity in the aorta associated with decreased flexibility of this tissue. 4647 It was proposed that the change in compliance of the aorta could be due to a greater amount of collagen cross-linking resulting from increased lysyl oxidase activity. Thus, it is very likely that the higher amount of collagen crosslinking seen in volume-overload hypertrophied hearts could be the result of increased lysyl oxidase activity.
